Abstract-The principle of Inductive Power Tr ansfer (IPT)is very old but it is rarely used for transferring power from source to load via a conductive medium. This is because normally the medium restricts the power transfer due to losses or the shielding effects. However, for low energy applications, an acceptable amount of power could be transferred from the source to the load and it will be of great benefit to oil and gas as well as manufacturing industries to explore. This paper aims at finding the amount of power transferred, the losses and efficiency for a given configuration (metallic pipe) using an analytical model involving equations governing the mechanism of IPT and experimental validation of the derived analytical model. The maximum efficiency of the system for a stainless steel pipe at frequencies of 40Hz to 100Hz is obtained from experimental validation when the load at the output is about 5.55n.
I. INTRODUCTION
Many electrical and electronic devices as well as electri cal generation and transmission operations are based on the principle of electromagnetic induction, thus power transfer is termed as Inductive Power Transfer (IPT). In a device like a transformer, an electromagnetic field is produced by an electric current flowing in the primary coil. Therefore, an electric current flowing in the proximate secondary coil is INDUCED by the principle of electromagnetic induction. In transformer, the primary and secondary part are both closely coupled by a common ferrite or iron core whereas IPT comprises detached primary and secondary parts. From literatures, some works has been done on research that involves IPT and its applications, however, there are short coming of the purpose and effect of all the types. The technology of transferring power via a metallic object has not been fully explore.
There are various situations in which electrical energy is desired but cannot be conveniently supplied. It is justified from [1] that the technology of the Inductive Power or Energy Transfer has also changed dynamically after the increase in the use of (wireless) sensors and actuators. In a number of cases, controlling units and power supplies are separated from the sensors and actuators by metal object or metal compartment (for example, oil pipe). Drilling holes through the metal object for power and signal feed through it has never always an acceptable solution due to potential leakage risk or weakening of the metal object as in case of high pressure. However, with 978-1-4799-0073-2/13/$31.00 ©2013 IEEE inductive power or signal transfer through a metal object, these problems could be circumvented. The idea presented in figure 1 is very simple structure of an inductive power transfer system via a metal compartment (wall). The basic block diagram structure consists of a primary AC source, a primary winding, a secondary winding, a metal wall and the load output. The power flow is also included in the figure which means Inductive power is transferred from the primary to the secondary winding connected to the load via a thin metallic wall. The advantage such system include:
• Long life -with virtually no components prone to wear and tear, the service life of the system is greatly increased. There is no friction in the system, hence no limit to the acceleration possible. With no galvanic contact, there is no corrosion.
• Safety -unlike wire power-sources that have the risk of sparks from static electricity or friction, IPT provides power to environments previously considered too difficult or previously accepted as a hazard.
• Low Maintenance -there are no batteries to be replaced.
• No pollution However, its limitation include:
• Medium of transfer can get heated up at high frequency • Conductive medium with high magnetic permeability will limit the power transfer
In figure 1 , effective power transfer via the metal pipe (wall) material given is very important because the wall thickness and type of material determine the amount of power transferred to the secondary coil. The aim of this paper is to find how wall (pipe) thickness and materials influence the inductive energy transfer via any medium (pipe) and to determine the optimum load for maximum power transfer. One of the application fields of these devices is inside steel (process) pipes.
Inductive (contactless) power transfer system operates much like an ordinary transformer, but with only a medium be tween the coils. The medium could be magnetic or non magnetic. There have been several publications like [1] - [7] on power transfer via non-magnetic medium between two coils, whereas power transfer via a ferromagnetic medium is a very new idea and this needs thorough investigations for breakthrough. Examples of contactless power transfers with some breakthroughs include con tactless energy transfer in hazardous or wet surroundings [2] , [3] , contactless electric vehicle battery charge [2] - [9] , roadway power electric vehicles [lO] - [14] , robotic applications [15] , [16] , sliding transformers [17] and underwater power transfer [18] . Although functional, contactless power transfer through induction is constrained to small distances; the transfer efficiencies get increasingly worse as the distance between source and load increases. We shall first look into an analytical modeling before validating it with laboratory experiment.
II. ANALYTICAL MODEL
The analytical model deal we solve the magnetic field equations resulting in finding solutions to magnetic flux den sity and current density equations. This modelling method is quick but it is too difficult to capture all the geometrical effects and magnetic non-linearity of materials. However, some assumptions are made to arrive at logical conclusion. Figure 2 shows a typical diagram of an inductively (contactless) power transfer from primary coil to secondary coil via a cylindrical metal (steel) tube. The primary and the secondary coils are separated by the (compartment) wall and the magnetic field in this case is parallel to the (enclosure) wall. A ferromagnetic material housing may also be included to the coils to improve the efficiency and to make the analysis much easier. The analysis is done by considering figure 3 and taking the following assumptions
• One-dimensional situation is considered and a rectangular coordinate system is used in this analysis. The magnetic field B is parallel to the wall in x-direction and the Electric, E-field is also parallel to the wall, but in z direction (i.e at mutually perpendicular to B-field in x -direction). Both fields are function of y
• Nonlinear effects, such as hysteresis and saturation phe nomena, are neglected.
• The tube is assumed to be infinitely long so that end effects are also neglected.
• An ideal iron (ferromagnetic) core forming housing for primary coil is included. The core is assumed to have an infinite permeability ( J.Lr = 00) Problems involving magnetic fields and current flow are formulated in terms of differential or integral equations. A differential equation describes the behaviour of magnetic field and some related quantity, at a point in terms of local source current density (if any). The equation is then solved within the region and the influence of sources outside the region is conveyed to the solution by the boundary conditions. There fore, the basic field (Maxwell) equations if the displacement current (which is negligible in the conductor) is omitted are;
Where E is the electric field strength, jj the Magnetic field strength, 13 the magnetic flux density, and J the current density, t the time and (J is the conductivity. It is seen from (2) that in a conductor, the electric field strength is linked to the current density by Ohms law To complete the sets of equations 1-4 we add the constitutive equation relating 13 and 13, which is (5) Where J.L denotes the magnetic permeability which is the product of J.LoJ.Lr (free space and relative permeability) for a linear material.
Eddy currents only flow close to the surface of the conductor in figure 2 and 3, therefore the depth of penetration depends upon the conductivity, the magnetic properties of the material and the frequency of excitation. The choice of rectangular co ordinates would make this analysis less complicated compared to cylindrical coordinates, therefore, B-field, J-field and E field components are written in rectangular coordinate system from figure 3 as In the figure 3 , the x-component of magnetic flux density which is constrained to be a spatial function of y, so it is assumed to be in x-direction and independent of z-direction. It also varies sinusoidally with time. As a result, the electric field and eddy currents are induced entirely in z-direction, therefore (6) can be further simplify as;
From vector calculus for Cartesian coordinates, if we use (5) in (2), then (1) and (2) Let say, Bx = Bcos(wt +�) (13) where , Bx is the x component of B(magnetic flux density)
that is varying with time � is a constant (in radians) known as the phase or phase angle of the sinusoid B is a constant known as the amplitude of the sinusoid. It is the peak value of the function. w is the angular frequency given by w = 27r f where f is frequency. t is time. Equation (13) can be expressed as Bx = Re{B (cos(wt +�) + j sin(wt + �))} Bx = Re{Be j 'Pe j wt} = {Re}{Be j wt} (14) Where B is the combination of Band e j wt.
Thus, if we differentiate equation (14) we have --= Re _BeJwt = Re J" wBeJw aBx
Therefore, a sinusoidal time variation of the field quantities enables us to replace jw for Z t and the components B of and 1.. are now complex that could be solved in one-dimension. (9) therefore, we can write a second order homogeneous differ-
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where ix, iy and iz are unit vectors for x-, y-, and z-axes respectively. Thus, using (4) and (9), we have (10) and (11) therefore,
Differentiating (8) with respect to y and including it in (11), we obtain (12) Therefore, we need to find the solutions to (11) and (12) so as to estimate the eddy current losses and the magnetic field in the wall of the pipe so that the induced voltage can also be determined. Since the excitation is sinusoidal and hence periodic in time, we can use phasor notation. The time variation is eliminated and the quantities become complex and dependent on space only. 
The expression for the complex current density can be obtained if we consider equation (8) The analysis of figure 4 becomes much simple if we assume a perfect iron outside the coil. This can lead to small dis crepancies in actual measurements due to such simplification. Therefore, if Amperes law is applied to the red dotted line in the figure, we have
We assumed an idea iron on outer part of the coil, therefore fJr(fe) -+ 00 and thus
then,
B in is similar to the absolute value of the magnetic flux B s at the surface of the metal wall.
It is important to validate the analytical model made, therefore experiments will be an interesting way that will be helpful in achieving this goal. The analytical model results predicted will be checked experimentally if it is really possible to transfer power and the efficiency of the power transfer.
III. EXPERIMENTAL SET-UP
In this experimental analysis, two different steel pipes are used as wall between the primary and secondary coils. The first is stainless steel and the second ferro steel materials and they both have outer and inner diameter of about 220mm and 200mm. Figure 5 shows the arrangement of the experiments. A primary coil (about 320 turns with diameter of 240mm) connected to the power supply is outside the pipe separating the secondary coil (about 220 turns with diameter of 185mm) that is connected to the load. No measurements discovered when ferro-steel pipe is used as the wall between the pri mary and secondary coil, except at a low frequency between 
IV. RESULT S
In analyzing the results, we need to establish a linkage be tween the analytical model and experimental set-up. Therefore there is need to determine the magnetic flux at the surface of the tube as a function of frequency as we need to measure no load voltages induced in the secondary coil for each frequency used and compare it with the analytical values. If we apply faradays law to coil in figure 5 .
Where E is electric field, dl small element of the coil, fj is magnetic flux density, dA small area elemental whose magnitude is the area of the infinitesimal surface and E and ii are unit vector respectively.
The right part of the equation is equal to peak value of no-load voltage and if we use phasor representation with the assumption that the flux is uniform, for one turn (32) becomes Other results obtained in the experiment while varying the load resistance at 40Hz, 50Hz, 70Hz and 100Hz are show in figure 8 . This is efficiency against load for each frequency.
V. CONCLUSION AND RECOMMENDATIONS
Transfer of inductive power through a metallic medium has been demonstrated analytically and experimentally in this work. The induced voltage through a metallic cylindrical pipe diclency against load 24,-'-'-''-----'r�= =:: '''':::;:Hz :=Jl (tube) can be modelled analytically. The magnetic flux density in the tube and the induced voltage peak values determined at no-load are found to be slightly different from the ones obtained experimentally. This is because in analytical model, an ideal iron core is used and the coil is very close to the surface of the pipe whereas in experimental model there is no ideal iron and there is air gap between the coil and the pipe. With these two reasons and other assumptions made in analytical model we have such small discrepancies. The efficiency has not been modeled analytically, but it is found from the experiments that the maximum efficiency for a stainless steel pipe various frequency can be obtained at when the load at the output is 5.55[2 as shown in figure 8 . In this paper, finding a model for inductive power transfer analytically has been with few assumptions, but the experi mental set-up has been a proper guide to do more analysis for further discoveries. While looking into further discoveries for future works, we have identified some other area for further research;
1) The experimental results seem to show that the efficiency increases with frequency. Further research works on analytical model could be carried out to investigate the relation between frequency and efficiency of such system. 2) The experimental measurements made from the ferro steel pipe produced undesirable results because of the high permeability; therefore if the ferro-steel is heated it may be possible to transfer some power from source to the load at a very low frequency. It will also be interesting to look into any other possibility of power transfer via this material medium 3) Simulation of the model is very vital; this will give a clearer picture of the experimental model. Therefore, we suggest a Finite Element Method (FEM) model as a possible continuation of this paper. This will even bring more ideas that need further experimental proof.
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